ABSTRACT: Strong spatial confinement and highly reduced dielectric screening provide monolayer transition metal dichalcogenides (TMDCs) with strong many-body effects, thereby possessing optically forbidden excitonic states (i.e., dark excitons) at room temperature. Herein, we explore the interaction of surface plasmons with dark excitons in hybrid systems consisting of stacked gold nanotriangles (AuNTs) and monolayer WS2.
Recently, the interaction between plasmonic nanostructures and emerging twodimensional (2D) semiconductors, such as monolayer transition metal dichalcogenides (TMDCs), has attracted the attention of various researchers. [10] [11] [12] TMDCs possess high carrier mobility, a direct bandgap and strong excitonic and mechanical properties of TMDCs. Combining these outstanding properties with plasmonic nanostructures, able to confine light at the subwavelength scale and generate energetic hot electrons, holds the promise to enhance the performance of TMDC-based optoelectronic components and boost the development of miniaturized and flexible optical devices. For example, plasmonic nanostructures can induce large photoluminescence enhancement of TMDCs via strongly enhanced local electric fields (E-fields) and Purcell phenomena. [13] [14] Electrons and energy can be transferred from plasmonic nanostructures to TMDCs through hot-electron injection and resonance energy transfer, respectively. The strong spatial confinement and low dielectric screening of TMDCs also endow them with exotic excitonic properties, when compared to conventional QDs and dye molecules. For example, density functional theory (DFT) calculations involving manybody perturbation and the Betha-Salpeter equation unravel significant many-body effects in TMDCs. 25 The many-body effects together with the strong spin-orbit coupling in TMDCs lead to the formation of optically forbidden excitonic states (i.e., dark excitons). [26] [27] [28] Dark excitons in TMDCs are interesting due to their long lifetimes and strong coupling with bright excitons, thus having great potential in Bose-Einstein condensation, optoelectronic devices and sensing. 26, [29] [30] [31] For this reason, TMDCs constitute a promising platform to explore how dark excitons influence plasmon-exciton coupling. In this paper, we demonstrate a tunable narrow Fano resonance stemming from a hybrid plasmon-exciton system by exploiting dark excitons in monolayer WS2.
Results and Discussion
Chemically synthesized gold nanotriangles (AuNTs) with an edge length of ~55 nm were selected because they feature atomically flat surfaces, which ensure a strong interaction between AuNTs and TMDCs (a TEM image of AuNTs is shown in Figure 1 , inset). AuNTs were synthesized following a previously reported seed-growth method. 32 It should be noticed that there is a layer of cetyltrimethylammonium chloride (CTAC) molecules covering the AuNTs, which prevents direct electron transfer between AuNTs and TMDCs. Monolayer 1H-WS2 flakes were grown on SiO2/Si substrates via chemical vapor deposition (CVD) and were then transferred onto glass slides (detailed information of monolayer WS2 synthesis is provided in the Methods).
Representative optical and AFM images of monolayer WS2 are shown in Figure S1 .
From the recorded height profiles, we determined a thickness of 0.9 nm, corresponding to a monolayer WS2 flake on a glass substrate. [33] [34] [35] [36] An inverted optical microscope equipped with a spectrometer, as schematically illustrated in Figure 1a , was employed to acquire single-nanoparticle scattering spectra (details of optical measurements are provided in the Methods). AuNTs were drop casted on the surface of monolayer WS2. Scattering spectra in Figures 1b and e also illustrate a clear evolution from a symmetric scattering dip to an asymmetric Fano lineshape at the resonance peak of the A
exciton (~615 nm), when the surrounding medium is changed from air to water. This change can be explained by the increased dipole moment of excitons in monolayer WS2
when surrounded by water. 18 When compared to an individual AuNT on monolayer WS2, the stacked AuNTs possess a narrower asymmetric Fano resonance. 18 The maximum value of the asymmetric Fano resonance is at Emax=EF+/(2q), the minimum is located at Emin=EF−q/2, and the width of the resonance is proportional to Emax−Emin, where EF is the resonant energy,  is the width of the discrete state, and q is the Fano asymmetry parameter. This suggests that the narrower Fano lineshape reveals a smaller resonance linewidth of A excitons coupled to the stacked AuNTs than the one of regular A excitons.
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To interpret the observed spectral change, we fitted the scattering spectra with a Fano approach developed by Gallinet and Martin: 18, 37 s scat (w) = s ex (w)s pl (w) (1) where ω is the frequency and σscat(ω) is the scattering cross-section. σex(ω) and σpl (ω) are the excitonic (dark) mode and plasmonic (bright) mode, respectively, which are given by
where ωex, Γex and ωpl, Γpl are the resonant frequency and the width of resonance line at half maximum of the exciton and plasmonic resonances, respectively, b is the damping parameter originating from intrinsic losses, a is the maximal amplitude of the resonance.
The fitting curves are shown in Figures 1c, d , e and f, and the fitting parameters are listed in Table 1 . The results reveal that for the stacked AuNTs 1 (2) q increases from 0.25 to 0.93 (from 0.00 to 0.70) when the sample was covered by water. It is known that q=cot(), where  is the phase of the time-dependent response function of the excitons, thus playing the role of the continuum at the SP resonance. 38 The corresponding phases obtained from the above Fano fitting for the sample in air and water are 0.58 and 0.74 (0.50 and 0.69), respectively. This result is consistent with an increase in the q of a single AuNT on monolayer WS2, when the static dielectric constant increases, reported in our previous study. intervalley dark excitons. 30 Dark excitons of monolayer WS2 include intravalley dark - excitons (spin-forbidden excitons) and intervalley dark - and - excitons (momentum-forbidden excitons), as shown in Figure 3a . 26, [30] [31] [42] [43] [44] It should be noticed that because at room temperature the photon scattering is faster than the spin flip process, the spin-forbidden transfer from A excitons to dark - states is negligible in this study. 26, 30 The resonance linewidth of A excitons in monolayer WS2 is mainly affected by the radiative and non-radiative decay rate of A excitons (rad and non-rad) and A excitons to - states rate (-) (all the decay channels are schematically illustrated in Figure 3b ), while the A excitons to - states rate (-) has a minor contribution to the spectral linewidth owing to the weak electron-phonon coupling element. 
Conclusion
In summary, we observed a tunable transition from a symmetric dip at the resonance 
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Optical measurements. AuNTs were drop casted onto the top of monolayer WS2.
The scattering spectra of single AuNTs on the bare glass substrate or monolayer WS2
were measured through a dark-field setup consisting of an inverted microscope (Ti-E, Nikon), a spectrograph with an EMCCD camera (Andor), and a halogen white light source (12V, 100 W).
FDTD simulations.
A commercially available software package (FDTD Solutions, Lumerical) was used to conduct FDTD simulations. The scattered light from the AuNTs was collected in a transmission manner and a plane wave was used as the incident light source. The wavelength-dependent dielectric functions of gold were adapted from
Johnson and Christy. 48 The stacked configuration is simulated by placing one 55 nm
AuNT on the top of another one with a 25 nm overlap at one edge of both AuNTs.
Because it is highly possible that the suspended tips of upper AuNTs actually contact with the substrate, cylinders with the same dielectric constant of the glass substrate are added to those tips to removing additional peaks stemming from the asymmetrical dielectric environment.
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